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1 Introduction

The concept of time has evolved alongside human’s understanding of nature.

In modern physics, the definition of time has been refined and specified using funda-
mental properties of nature. Today, the International System of Units (SI) defines
time based on a physical constant. The base time unit, the second, is defined by the
transition frequency of the hyperfine transition of the fundamental state of a cesium
133 atom [1]:

∆fCs = 9 192 631 770 Hz. (1.1)

Therefore, one second is defined as :

1s =
9 192 631 770

∆fCs

. (1.2)

This definition of the second ensures that timekeeping is based on a universal con-
stant, and therefore reaching an unprecedented level of precision. However, it is
based on an idealised system where the cesium atom is unperturbed in free space
and the observer is in another reference frame than the atom.
In practice, the International Atomic Time (TAI) is generated by coordinated global
effort; a worldwide network of laboratories send data from very precise clocks, which
are then averaged to produce a global timescale. This timescale is compared after-
wards to primary frequency standards, such as hydrogen maser, cesium and rubidium
standards, to ensure that the definition of the second remains as close as possible to
the SI definition.

Optical clocks are among the most advanced timekeeping devices and are used as
reference frequency standards. An optical clock is typically composed of three main
components : a frequency reference, an atomic transition or a stable optical cavity
mode for example, a measurement system to detect the signal generated by the fre-
quency reference, and a display system to show the output result [2].

Frequency standards are multiple : hydrogen masers, cesium and rubidium stan-
dards, as explained before, microwave atomic standard, optical atomic clocks (trapped
ion clocks, optical lattice clocks) or even optical cavity modes. These frequency
standard are characterised by their frequency stability over time, which is a unit-
less value, and is used to indicate the accuracy of a frequency measurement given
a certain time interval. For example, for simple quartz watches, a study has shown
that they reach a stability of around 10−8 over one week, which corresponds to a

1



drift of a few milliseconds per day [3]. For reference, the cesium clock used for time-
keeping in the United States has a frequency stability of 10−17 per day [4]. As for
the hydrogen masers, they exhibit a stability of around 10−16 over a few days [5].
Additionally, it has been shown that optical lattice clock using strontium atoms has
reached a level of stability of 10−17 over 1000 s [6]. For an optical cavity at room
temperature, stability below 10−16 for long averaging times, up to 103 s, has been
demonstrated [7].
Building optical clocks with really high level of stability is necessary to confirm time
dilation caused by relativistic effects [8, 9].

In this work, we are interested in clocks based on optical cavities. These clocks use
a laser locked to a very stable optical cavity as the local oscillator for the clock [10].
This locking allows to narrow significantly the linewidth of the laser, allowing to
probe accurately the atomic transition of reference.
Different locking techniques exist and have been used for this purpose. In [11],
an ECDL, of initial linewidth of 160 kHz, was side locked to a Fabry-Pérot Inter-
ferometer fringe, narrowing it to 400 Hz. The Pound-Drever-Hall (PDH) locking
technique has also been proven to efficiently narrow a laser’s linewidth, reaching the
sub-hertz level. In [12], resonant optical feedback was used to reduce the linewidth
of a semiconductor laser from 20 MHz to approximately 20 kHz. In [13], the authors
employed a high-finesse cavity and an ECDL for PDH lock, reducing the beatnote
linewidth from 175 kHz to 150 Hz. More recently, high-finesse ULE cavities were
used to reduce the linewidth of ECDLs to less than 1 Hz [14]. In 2024, S. Peil et
al [15] present the progress in optical clock development. They explain that they
use a 1542 nm diode laser, stabilised to high-finesse ULE cavity optical oscillator,
as an optical oscillator for their clock.

This master’s thesis aims to build an optical clock using a narrow-linewidth ECDL
and frequency-stabilising it by PDH-lock to a mechanically stable high-finesse opti-
cal cavity.

This manuscript is organised as follows. Chapter 2 provides the theoretical con-
cepts needed to understand this project, covering the principles behind the ECDL,
the PDH-locking technique, and different methods to characterise optical clocks.
Chapter 3 describes the different experimental setups that were developed and used
throughout this work. The results obtained with these different setups are presented
and discussed in Chapter 4. Finally, Chapter 5 concludes this manuscript and offers
perspectives for future improvements.
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2 Theory

2.1 External Cavity Diode Laser (ECDL)

An ECDL is a type of tunable laser that is both affordable, customisable, and char-
acterised by a narrow linewidth, typically of a few hundreds of kHz. These charac-
teristics make it a perfect adjustable tool for research applications. As illustrated
in Figure 2.1, a classical ECDL in the Littrow configuration is composed of a laser
diode, an anti-reflective (AR) coated lens, a grating, a mirror, and a piezoelectric
transducer (PZT).

Light emitted from the laser diode passes through the AR-coated lens and is diffracted
by the grating. The first-order diffracted beam is reflected back into the diode, form-
ing the external cavity. The relation between the angle at which the light meets the
grating ¹, the angle of diffraction ¹′ and the wavelength of the laser ¼ is :

a(sin ¹ + sin ¹′) = ¼ (2.1)

with a the grating groove spacing [16].
In the Littrow configuration, to ensure that the diffracted light is reflected back
into the laser, the angle of diffraction and the incident angle must be equal, ¹ = ¹′.
Equation 2.1 can therefore be rewritten as :

sin ¹ =
¼

2a
(2.2)

When a non-AR-coated laser diode is used, an internal cavity is formed between the
diode’s front and the back facets. The consequence of this internal cavity is a mode
competition between the internal and the external cavities. This mode competition

PZT

External Cavity

Figure 2.1: Littrow configuration of an External Cavity Diode Laser, adapted from [16].
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causes a wide range of output frequencies. The laser ultimately operates at the
frequency corresponding to the mode with the highest gain, represented by the red
box in Figure 2.2.

Figure 2.2: ECDL laser frequency selection for non-AR-coated diode laser, from [16].

The tuning of the ECDL’s output frequency can be achieved in three different ways :
adjusting the grating angle, modifying the length of the external cavity, or changing
the laser diode current. These tuning techniques need to be done in parallel to avoid
any mode hopping.

• Grating angle tuning.

From Equation 2.2, the frequency tuning due to the adjusting of the grating
angle can be expressed as :

df

d¹
= −2ac

¼2
cos ¹, (2.3)

where the expression of df/d¹ was developed using :

d¼

d¹
=

df

d¹

d¼

df
=

df

d¹

(

− c

f 2

)

=⇒ df

d¹
= −f 2

c

d¼

d¹

• Cavity length tuning.

Changing the length, l, of the external cavity will impose a frequency shift of
the resonant frequency of a cavity mode by:

¶f

f
= −¶l

l
.

Consequently, the frequency shift caused by the cavity length tuning is de-
scribed as :

df

dl
= − c

¼l
(2.4)
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• Laser diode current tuning.

The cavity of a laser diode is a p-n junction within in a Fabry-Pérot (FP)
resonator. The p-n junction is forward biased, and when a current is applied to
the diode laser, light is generated through population inversion. The presence
of the FP reflecting surfaces will allow the stimulated emission and the optical
feedback needed in a laser. Modifying the current will change the dimensions of
the recombination zone, which in turn will modify the output laser frequency.

These multiple methods of frequency tuning are what makes ECDLs a powerful tool
in optical metrology and precision spectroscopy.

Since the 1980s, numerous studies have reported on the assembly of ECDLS, oper-
ating between 600 nm and 1550 nm, with linewidths ranging from below 10 kHz to
100 kHz, and with mode hop-free tuning ranges up to 200 nm [17–22]

2.2 Pound-Drever-Hall method

The Pound-Drever-Hall (PDH) method [23] is a technique used to precisely lock a
laser to an optical cavity, or conversely, to lock an optical cavity to a laser. This
technique allows to stabilise precisely the laser frequency relative to the frequency
stability of the cavity.

In this method, the laser beam is phase modulated using an electro-optic modu-
lator (EOM) (or an acousto-optic modulator (AOM) [24]) before being sent to a
cavity. The laser beam has an initial electric field given by : Ei(t) = E0e

iωct, with
E0 the amplitude of the field and Éc its angular frequency. After being phase mod-
ulated at a frequency Ém, the laser field consists of three spectral components, the
carrier at Éc, and two sidebands at Éc ± Ém :

E(t) = E0 e
iωct

[

1 +
´

2
eiωmt − ´

2
e−iωmt

]

, (2.5)

with ´ < 1 the modulation index. These three spectral components are referred to
as the frequency modulated triplet. Note that the two sidebands are 180° out of
phase from each other. The laser frequency should then be tuned so that the carrier
of the FM triplet is in resonance with a cavity mode.

To monitor the locking process, the light reflected from the cavity’s input mirror is
sent into a photodiode. The detected signal in reflection is composed of the inter-
ference between the reflected light directly from the mirror and some light leaking
from the optical cavity.

A schematic representation of a typical PDH experimental setup is shown in Figure
2.3. The signal from the photodiode in reflection is mixed with the signal from the
local oscillator driving the EOM at a frequency Ém. A phase shifter is placed be-
tween the oscillator and the mixer to compensate for time delays in the two different
signal paths. After the mixer, the signal goes through a low pass filter to isolate the
DC frequency signal. These components form the feedback loop that adjusts the
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laser frequency, keeping it in resonance with the cavity mode.

PS

EOM

λλ

PDtrans

λ

PDref

Figure 2.3: Example of the layout of a PDH setup, adapted from [25]. EOM stands for
electro-optic modulator, PS stands for phase shifter and PID means Proportional, Integral
and Derivative controller.

The signal after the mixer and the low-pass filter is used as the PDH error signal.
This error signal depends on the reflected field, and its expression is given by [25]:

ϵ =
√

PSPC · Im [F (É)F ∗(É + Ém)− F ∗(É)F (É − Ém)] ; (2.6)

where PS and PC are the powers of the sidebands and the carrier respectively. The
choice of modulation frequency is very critical in a PDH setup. If this frequency
is smaller than the cavity mode width, the error signal will not show resolved res-
onances, as shown in Figure 2.4a. Conversely, selecting a modulation frequency
higher than the cavity mode width allows each sidebands to probe the mode indi-
vidually. The corresponding error signal is shown in Figure 2.4b.
In Equation 2.6, F (É) is the cavity reflection coefficient at the frequency É :

F (É) =
√
r

1− eiω/νFSR

1− r eiω/νFSR

, (2.7)

with r, the amplitude reflection coefficient and, ¿FSR = c/2L, the cavity free spec-
tral range of the optical cavity of length L.

The PDH error signal tends abruptly to zero near the resonances. Indeed, by looking
at the mathematical expression of F (É), if we use the fact that É = 2Ã¿, it is clear
that when ¿ = n¿FSR, with n ∈ Z, the reflection coefficient vanishes. Consequently,
the reflected power detected by the photodiode drops to zero.
Physically, the error signal tends to zero because when the carrier is in resonance
with the cavity mode, it is almost completely transmitted into the cavity. Mean-
while, the sidebands are almost completely reflected from the cavity. Because they
are 180° out of phase with each other, their interference is cancelled in the demod-
ulation process, leading to a zero-crossing in the error signal. The laser frequency
then drifts away from the resonance and is no longer perfectly coupled into the
cavity. The interference between the reflected sidebands and carrier becomes asym-
metric, causing a non zero error signal. Importantly, the behaviour of the error
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(a) (b)

Figure 2.4: PDH error signal, in terms of the number of FSRs. These error signals were
simulated for a cavity finesse of around 500, with a mode width of MHz. The signal in (a)
was simulated with a modulation frequency of 1 MHz. The signal in (b) was simulated for
a modulation frequency of 8 MHz.

signal around resonance is linear with a very steep slope. This slope is wanted to
be as steep as possible so that the probing of the spectral feature of interest is as
precise as possible. In practical terms, a small frequency variation ∆¿ corresponds
to a large voltage variation ∆I in the error signal.

In the literature, it has been showed that the stability of the PDH locking tech-
nique can reach down to the ppm of the cavity mode linewidth [26,27].

2.3 Characterisation of optical clocks

In this work, the characterisation of a home-built optical clock is carried out us-
ing two different methods. The first method involves the measurement of the ECDL
linewidth to have an idea of the frequency precision of the clock. The second method
focuses on the different frequency noises present in the system to define its stability
over time.

Various type of noises can be defined, depending on their physical origin. Their
following description is based on the chapter 2 of [2].
Flicker noise is attributed to the electronic components of the system. This type of
noise rises from impurities in a conductive material or generation and recombination
noise in a semiconductor under bias. In the frequency domain, the power spectral
density associated to the flicker noise follows a 1/f law.
White noise is a type of noise that is independent of the frequency, its power
spectral density follows a f 0 behaviour [28]. White noise encompasses both thermal

noise and shot noise. Thermal noise, or Johnson-Nyquist noise, is due to the ther-
mal agitation of charge carriers inside a conductive material for example. Shot noise

is caused by the quantisation of photons, for an optical system, or the electric charge
carried by electrons in an electronic system. It is impossible to predict the motion
of individual particles but their average velocity can be computed. The variation
around this average velocity is then called the shot noise [2].
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Random walk noise, or Brownian noise, is caused by environmental influences,
like temperature or vibrations [29], and has a power spectral density with 1/f 2 be-
haviour. For example, thermodynamic noise is a type of Brownian noise, as it is
caused by the thermal exchange between the system and its environment.

2.3.1 Laser linewidth determination

To determine the ECDL linewidth, a stabilised optical frequency comb is used as a
frequency reference.

A frequency comb is made of a mode-locked pulsed laser that emits extremely short
pulses in the time domain, resulting in a broad spectrum in the frequency domain.
This pulsed laser operates with a fixed repetition period tr, which corresponds to
a fixed repetition frequency fr = 1/tr between each comb tooth in the frequency
domain, as illustrated in Figure 2.5. The frequency of the nth tooth of the comb is
expressed as :

fn = f0 + nfr, (2.8)

where f0 is the carrier envelope offset frequency. This offset frequency is explained
by the fact that dispersion is created inside the laser cavity, generating a phase shift
∆ϕ between the envelope of the electric field and the carrier of the pulses [30]. The
frequency offset can be expressed as :

f0 = fr
∆ϕ

2Ã
. (2.9)

tr

Time

Amplitude

fr

Frequency

Amplitude

f0

Figure 2.5: Time and frequency frame for a mode-locked pulsed laser, reproduced from
[2].
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To measure the ECDL linewidth, its beam is combined with the comb beam. This
technique is called heterodyning. Let’s consider two beams that are combined, using
a beamsplitter for example, with their respective fields :

E1(t) = E01 e
i(ω1t+φ1) and E2(t) = E02 e

i(ω2t+φ2) (2.10)

with Éi their respective angular frequencies and ϕi their phases. The beat signal,
with a field E(t) = E1(t) + E2(t), is detected by a photodiode and has an intensity
given by :

I(t) = |E(t)|2 =⇒ Idetected(t) = A+ E01E02 cos((É1 − É2)t+ (ϕ1 − ϕ2)), (2.11)

where A is a constant representing the DC offset of the detected signal and where we
only keep the É1 − É2 components because the 2É1, 2É2 and É1 + É2 are oscillating
too fast to be detected by the photodiode [31]. The beat frequency spectrum is
obtained by Fourier transform [32]:

Sb(¿) =
∆¿

2Ã

[

(¿ − ¿b)
2 +

(

∆¿

2

)2
]

, (2.12)

with ∆¿ the linewidth of the beating signal and ¿b its frequency. If the linewidth
of the reference laser is equal to the linewidth of the probed laser, ∆¿ is twice
the probed laser linewidth. If the reference laser linewidth is much smaller than
the probed laser’s, the beat linewidth will then be approximately the probed laser
linewidth.
This technique is used because we consider that the comb linewidth is smaller than
the ECDL linewidth, and therefore the measured linewidth is approximated to be
the laser linewidth.

The spectral profile of the ECDL is assumed to follow a Voigt distribution, the
convolution of a Gaussian and a Lorentzian profile [33]. Mathematically, the Voigt
profile V (f) is expressed as :

V (f) =

∫ +∞

−∞

G(f ′)L(f − f ′)df ′, (2.13)

where G(f) is the normalised Gaussian function and L(f − f ′) is the normalised
Lorentzian function. The overall full width at half-maximum (FWHM) of a Voigt
profile, ∆fV , is estimated to be a combination of the Lorentzian and the Gaussian
FWHMs [34]:

∆fV ≃ afL +
√

bf 2
L + cf 2

G (2.14)

This approximation of the Voigt FWHM is used throughout this work to charac-
terise the ECDL linewidth. The linewidth was calculated using the lmfit python
library. The coefficients a, b and c used by the lmfit library are fixed as follows :
a = 1.0692, b = 0.8664, and c = 5.54083.

The physical meaning behind this Voigt profile can be explained by the type of
frequency noises present in lasers. The Gaussian part of the lineshape rises from the
flicker noise which has a 1/f profile [35,36]. The Lorentzian part rises from the white
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frequency noise of the laser, which is inversely proportional to its output power. This
Lorentzian lineshape originates from the spontaneous emission process [36,37].

Another way to compute the laser linewidth is to use the power spectral density
(PSD). The PSD frequency noise spectrum, Sδν(f), is the Fourier transform of the
autocorrelation function of the laser field. Sδν(f) is expressed in Hz2/Hz, and can
be separated in two regions. The first one is at low frequency where the noise con-
tributes to the linewidth, giving rise to the Gaussian lineshape. The other region is
at higher frequencies, whose noise contributes to the wings of the lineshape, there-
fore not affecting the linewidth. These two regions can be separated by a line called
the ´-separation line. This behaviour is represented in Figure 2.6, and the FWHM
of the laser linewidth is computed with the formula [38]:

FWHM =
√

8 ln(2)A, (2.15)

where A is the surface below the curve of the high modulation index area for the
part of the Sδν curve that is above the ´-separation line.

104 105 106103102 107

� ��(�)

�

102
103
104
105
106
107

�

Figure 2.6: Illustration of the spectral density of the frequency noise of a laser, composed
of flicker noise at low frequencies and white noise at higher frequencies, adapted from
[38]. The red dotted line represents the β-separation line, with its expression given by :
Sδν(f) = 8 ln(2)f/π2. The area A used for the linewidth calculation is the area with the
grid.

2.3.2 Allan deviation

The Allan variance Ã2(Ä) is a statistical measure used to characterise the frequency
stability of oscillators over different averaging time Ä [2,39]. Considering M samples
ȳk where each ȳk represents the average of the quantity y(t) over the time interval
Ä , the Allan variance is defined as :

Ã2(Ä) =
1

2(M − 1)

M−1
∑

k=1

(ȳk+1 − ȳk)
2 ≡ ï(ȳk+1 − ȳk)

2ð. (2.16)

with ȳk =
1
τ

∫ tk+τ

tk
y(t)dt, the averaging of y(t).

Unlike classical statistical variance, Allan variance is based on the difference be-
tween adjacent frequency values and not on the difference between one frequency
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value and the mean value.

The overlapping Allan variance is a refined Allan variance. It uses overlapping
pairs of adjacent time intervals Ä instead of being restricted by non-overlapping
intervals, as used for the classical Allan variance. This development of the Allan
variance improves its statistical efficiency because it uses the complete time dataset
for each Ä value [40]. Its analytical expression is given by :

Ã2
overlap(Ä) =

1

2(mÄ0)2(N − 2m)

N−2m
∑

n=1

(xn+2m − 2xn+m + xn)
2, (2.17)

with mÄ0 the considered averaging time, N the total number of samples and xn the
phase data of the time-series.
Practically, to compute the overlapping Allan variance of an oscillator, one performs
measurements of the time signal of the oscillator, over the longest time interval pos-
sible, then computes the overlapping variance over the entire dataset.

The Allan deviation is the square root of the Allan variance. It is commonly repre-
sented on a log-log plot as a function of the averaging time Ä . The different types of
frequency noises introduced in the beginning of this section exhibit a characteristic
behaviour in an Allan deviation plot, allowing a quick identification of the dominant
noise sources in a system.
The flicker noise is independent of the averaging time, it follows a Ä 0 law, therefore
appearing as a flat region in the plot. The white noise is inversely proportional
to the averaging time, depicting a Ä−1 trend. On the contrary, random walk noise
increases with the averaging time, following a Ä+1 dependence [29]. By examining
the Allan deviation curve, one can rapidly assimilate which type of frequency noise
is affecting the system stability, as illustrated in Figure 2.7. The Allan deviation
reaches a minimum at a certain averaging time Ä when the system has reached its
best stability.

Averaging time (s)

A
ll

an
 d

ev
ia

ti
o
n

log(�)

log(��
)

White noise Flicker noise Random walk noise

Figure 2.7: Illustration of the different frequency noise behaviours in an Allan deviation
plot, inspired from [2].
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3 Experimental setups

3.1 Presentation and assembling of the 1550 nm

ECDL

As explained in Chapter 2, an External Cavity Diode Laser (ECDL) is composed of
a laser diode, a lens, a grating, an output mirror and a piezoelectric transducer. The
ECDL assembled for this master’s thesis is based on the design by Dr. Alexandr
Bogomolov and its schematic is shown in Figure 3.1. The laser diode (LD-1600-
0050-AR-1 from Toptica Photonics) used in this setup has an anti-reflective (AR)
coating. Therefore, it is not necessary to counteract mode competition as described
previously. Moreover, this laser diode can be tuned from 1500 to 1630 nm but was
used with a centre frequency of around 1550 nm during this work.

The first step was to align and focus the laser diode using a lens to position the
focal point on the grating. The diode and lens are placed inside a tube, and focus-
ing is achieved by precisely adjusting the position of the lens within this tube. Next,
the grating was positioned such that its first-order reflection is directed back towards
the laser diode. Fine alignment of the external cavity was performed using a flexion
mount. This mount is connected to the plate holding the grating and the mirror.
Modifying its vertical angle correspondingly adjusts the vertical angle of the grating.
The next step involved optimising the angle of the laser diode’s polarisation, as it is
not specified by the laser diode datasheet. Adjusting the polarisation angle ensures
that the incident light on the grating matches the polarisation for which the grating
operates most efficiently.

PZT

FI

AR window

Flexion mount

Figure 3.1: External Cavity Diode Laser schematics. PZT stands for piezoelectric
transducer, FI stands for fibre isolator and AR stands for anti-reflective coating.
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An anti-reflective coated window is placed as the output of the laser for thermal in-
sulation. Due to the laser diode’s sensitivity to thermal noise, the ECDL is tempera-
ture stabilised using a thermoelectric cooler (TECH3S from Thorlabs). The cooler is
mounted underneath the ECDL box, in direct contact with the optical breadboard.
One thermistor is placed beneath the laser diode, and another is placed below the
ECDL box. The thermistors and the thermoelectric cooler are connected to a TEC
controller (TEC1091 from Meerstetter engineering). This controller is set to a tem-
perature of 22.05°C and is continuously powered to ensure temperature stabilisation
of the ECDL. The AR-coated window minimise optical losses and serves to seal the
enclosure, providing thermal insulation and isolating the ECDL from environmental
temperature fluctuations.

3.2 ECDL beating with the frequency comb

To measure the linewidth of the ECDL, the beam is sent to a beating unit (DFC
BCF and DFC MD from Toptica Photonics) with the frequency comb. The comb
used for this work is the DFC system from Toptica that has a repetition frequency
of 200 MHz and a linewidth of a few tens of kilohertz. This frequency comb, locked
to a quartz GPS disciplined oscillator, has a stability of 2 · 10−12 in 1 second [41].
The beating unit consists of a fibre combiner, a grating, and a photodiode.
The fibre combiner mixes the two beams from the ECDL and the comb, while simul-
taneously directing 1% of the ECDL beam to a wavemetre (WS7 Super Precision
Wavelength Meter from HighFinesse Laser and Electronics System), allowing precise
measurement of its frequency, with an accuracy of 40 MHz. The grating spectrally
filters the frequency range of interest around 193 THz, corresponding to the ECDL
output frequency. The resulting beat signal is detected by a photodiode and its
output is sent to a spectrum analyser (SSA3021X from Siglent) to measure the beat
note linewidth.
A spectrum analyser is an instrument used to measure the frequency spectrum and
the power of a signal. The radio-frequency input signal is firstly filtered to ensure
that it matches the passband of the instrument. This filtered signal is then mixed
with a local oscillator to convert its frequency into an intermediate frequency that
is suitable for analog-to-digital conversion (ADC). This ADC signal is the one that
appears on the screen of the spectrum analyser [42].

3.3 Feedback loop of the PDH setup

The feedback loop consists of several electronical components. As explained in Sec-
tion 2.2, the signal from the photodiode in reflection is mixed with the local oscillator
signal. This mixed signal is then low-pass filtered before going into a PID controller.
In this work, the low-pass filtered signal is sent into a lockbox.
This lockbox (FSC100 from MOGlabs) contains two controllers : a PID (propor-
tional - Integral - Differential) controller and an integrator. The integrator acts on
the slow output of the lockbox, which is connected to the piezoelectric transducer
of the ECDL. This output compensates for the slow drift of the ECDL frequency.
Meanwhile, the PID controller acts on the fast output, which is connected to the
laser diode current. The lockbox generates a seesaw ramp with an amplitude of 1 V,
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which is applied to both the PZT and the current of the ECDL to scan the cavity
mode.

To achieve optimal locking, various parameters of the controller can be adjusted.
A schematic representation of the frequency effect of these different parameters is
shown in Figure 3.2. For the slow loop, the parameters are called the slow integrator

and the slow gain. The slow integrator parameter adjusts the corner frequency of
the servo integrator, from 25 Hz to 1 kHz (see arrow b in the figure). Additionally,
this integrator can be switched from a single to a double integrator using one of
the internal switches of the lockbox. The double integrator has a higher gain and
a lower corner frequency, compared to the single integrator, ensuring a dominant
response of the slow servo at low frequency. For the three locks described in the rest
of this chapter, the slow integrator parameter was set to a double integrator.

104 105 106103102 107

20
40

0
−20

Figure 3.2: Schematic Bode plot of the lockbox action, adapted from [43]. In blue is
the effect of the fast servo controller, and in orange, the slow servo controller.

In the fast loop, the PID parameters include the fast integrator and the fast differ-

entiator. These parameters adjust the corner frequency of the fast servo integrator
and differentiator, respectively (see arrows 4 and 5 in the figure). The fast integra-
tor corner frequency can range from 10 kHz to 2 MHz, while the fast differentiator
corner frequency can be tuned from 100 kHz to 10 MHz. It is worth noting that
the fast differentiator can be turned off, and a low-pass filter can be used instead.
For this work, only the fast differentiator was used, without the low-pass filter. The
differential gain parameter adjusts the gain limit at high frequencies, while the gain

limit parameter adjusts the gain at lower frequencies (see arrows 3 and 1 in the
figure).

Both the slow gain and fast proportional gain are adjusted using knobs without
visual markers, and therefore, are not specified in the rest of this section. The slow
gain can range from -20 dB to 20 dB, while the fast proportional gain can range
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from -10 dB to 50 dB (see arrows a and 2 in the figure).

The lockbox also has two switches associated to the fast and the slow feedback
loops. These switches can be used to select the sign of these loops.

In the following sections, the different values of the lockbox parameters allowing
a stable lock will be indicated.

3.4 PDH lock to a low-finesse cavity

After assembling the ECDL, the first test was to PDH lock it to a low-finesse cavity.
The experimental setup for this test is shown in Figure 3.3.

In this setup, modulation is applied directly to the laser diode current at a frequency
of 8 MHz, and amplitude of 20 mVpp. For this experiment, the local oscillator signal
sent into the mixer had an amplitude of 1.4 Vpp. A phase shift of 90° is applied
to the local oscillator to optimise the error signal. This phase shift is specific to
the experimental setup, and will differ for each cavity lock. The mixer output is
passed through a low-pass filter with a cutoff frequency of 5 MHz before entering
the lockbox.

For this setup, the controller parameters allowing a stable lock were as follows:

• Slow integrator: 1 kHz

• Fast integrator: 20 kHz

• Fast differential: 2.5 MHz

• Fast differential gain: 6 dB

• Gain limit: 40 dB

The ECDL beam first passes through a half-wave plate to select its polarisation and
to isolate the laser from the rest of the optical setup. The beam then passes through
a polarising beamsplitter (PBS), which directs the reflected light from the cavity to
the reflection photodiode. After the PBS, a quarter-wave plate changes the polari-
sation of the light, going from linear to circular, ensuring that the reflected light is
directed back towards the PBS and into the photodiode. A lens, placed just before
the cavity, ensures good mode-matching between the ECDL beam and the cavity.
Mode-matching means that the waist of the laser beam coincides with the waist of
the cavity, maximising the input beam injection into the fundamental transverse
mode (TEM00) of the cavity.

The cavity is 7.5 cm long and its input mirror has a reflectivity of 99.35%, while its
output mirror a reflectivity of 99.9%, both having a radius of curvature of 100 mm.
Therefore, the cavity has a finesse of approximately 800 (F = Ã

√
R/(1−R)). This

cavity characteristics correspond to a mode linewidth of 2.4 MHz and a free spectral
range (FSR) of around 2 GHz.
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Figure 3.3: Experimental setup for PDH locking to a low finesse cavity. The electronical
signal path is in black, the open air beam path is in red and the fibre beam path is in
green. The half- and quarterwave plates are represented by the λ/2 and λ/4 components,
respectively.

The first locks were achieved using this setup; however, the analysis of the locking
stability, as presented in Section 4.2.1, was realised with the data taken from a same
finesse cavity in the setup for the ULE cavity, as described in Section 3.6.

Locking the ECDL to a low-finesse cavity was the first step to understand and
implement the PDH locking technique used in the rest of this work. This setup
provided valuable insights into the operation of the lockbox and the tuning of its
different parameters.

3.5 PDH lock to a high finesse cavity

The next step in implementing PDH locking was to lock the ECDL to a high-finesse
cavity. The experimental setup for this experiment is shown in Figure 3.4.

The cavity used in this setup is part of the FANTASIO setup, which is used for
Cavity Ring-Down Spectroscopy [44]. The finesse of this cavity can be calculated
using the general definition of the finesse :

F =
Ã
√
R

1−R
, (3.1)

with R, the reflectivity of the mirrors. However, since the reflectivity of the cavity
mirrors is not precisely known, this formula can be modified with the definition of
the ring-down time Ä [44]:

Ä =
L

c(1−R)
, (3.2)

with L, the length of the cavity.
Then, by assuming that R → 1 and therefore

√
R ≃ 1, the finesse can be expressed

as :
F ≃ ÃcÄ

L
. (3.3)
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For this cavity, the ring-down time was measured to be Ä = 180µs, the length of the
cavity is L = 75 cm, and the speed of light, c = 3 · 108 m/s. Using these values, the
finesse is calculated to be F ≃ 200 000. With a FSR of 200 MHz, the cavity mode
linewidth is:

∆¿ =
FSR

F = 884 Hz.

In this setup, the modulation of the laser field is performed using an EOM, driven
by a 25 MHz local oscillator with an amplitude of 20 mVpp. The switch to using the
EOM (NIR-MPX-LN0.1 from iXblue photonics) was necessary because the ECDL
current driver has a bandwidth limit of 10 MHz, which is insufficient for such a high
modulation frequency. The feedback loop correcting the ECDL output frequency
includes the same mixer and lockbox used in the previous setup. A 25 MHz signal
with an amplitude of 1.4 Vpp and a phase of 160° is sent into the mixer along the
signal from the photodiode in reflection. The low-pass filter in this setup has a
higher cutoff frequency, 32 MHz, than in the low-finesse setup to accommodate the
higher modulation frequency. A Booster Optical Amplifier (BOA) (BOA1550S from
Throlabs) is introduced to increase the ECDL output power, which is otherwise
too low to observe a signal in transmission of the cavity. Since this experiment
was implemented in an already existing experimental setup, the optical layout was
constrained by pre-existing optical components. Consequently, the half-wave used in
the previous configuration was replaced with a fibre polarisation controller (FPC),
while the quarter-wave plate was still used.
The lockbox parameters used for this experiment are as follows:

• Slow integrator: 50 Hz

• Fast integrator: 100 kHz

• Fast differential: 1 MHz

• Fast Differential gain: 12 dB

• Gain limit: 30 dB
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Figure 3.4: Experimental setup for PDH locking to a high-finesse cavity. The electronical
signal path is in black, the free-space beam path in red and the in fibre beam path in green.
BOA means Booster Optical Amplifier and FPC means fibre Polarisation Controller.
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3.6 PDH lock to a mechanically stable etalon

The last experiment in this thesis was to lock the ECDL to a mechanically stable
optical cavity. The etalon used for this experiment consists of two mirrors encased
within an Ultra Low Expansion (ULE) cylinder. ULE glass is a material with a very
low thermal expansion coefficient, 0 ± 30 · 10−9 / °C between 5°C and 35 °C [45],
making it highly suitable for mechanically stable optical cavity implementation.
The ULE cavity is placed inside a vacuum cavity, around which a thermal band is
wrapped. This experiment was first carried out without pumping the cavity or tem-
perature controlling it. Afterwards, the ECDL was locked to the cavity while it was
temperature stabilised to 32°C. Then, it was re-locked when the cavity was under
vacuum, down to 1.5 · 10−4 mbar, and temperature stabilised. This temperature
is the temperature of the vacuum cavity and not the actual ULE cavity because
the thermal sensor is placed on the external wall of the vacuum cavity. Similarly,
the pressure value is read on a gauge placed before the cavity. The tube connect-
ing the pump to the cavity, after the gauge, has a small diameter, so this pressure
value is actually smaller than the actual pressure inside the cavity. This cavity is
mounted vertically on the setup because this orientation is more mechanically stable.

The mirrors of this cavity have a reflectivity of 99.975% for the input mirror and
99.97% for the output mirror, with a radius of curvature of 1 m and 500 mm, re-
spectively. The finesse of this cavity is F ≃ 11000, its FSR is 2 GHz and its mode
linewidth is 175 kHz.
As can be seen in Figure 3.5, the feedback loop of this setup is identical to the one
used in the previous experimental setups. The modulation signal sent to the mixer
has a frequency of 25 MHz, an amplitude of 1.4 Vpp and a phase of 80°, while the
one sent to the EOM has a frequency of 25 MHz and an amplitude of 20 mVpp.
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Figure 3.5: Schematics of the experimental setup used to lock on the stable etalon.
Circ. is a fibre circulator, it replaces the polarised beamsplitter and the waveplates from
the open air setup.

In this setup, the optical path was switched from an open-air path to a fully fibre-
coupled path due to the cavity configuration. A fibre circulator replaces both the
wave plates and the polarising beamsplitter. This circulator has three ports: one
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port receives the ECDL beam, another sends the light to the cavity and the third
port directs the reflection from the cavity to the reflection photodiode. After the
EOM, another circulator is used as a fibre isolator to prevent unwanted feedback
when the cavity modes are scanned. The BOA from the previous setup is also used
here to amplify the ECDL output power because the intensity of the laser is too
low. The first lock, without temperature control or vacuum, was achieved with an
open-air optical path between the circulator and the photodiode in reflection.
For this first, the lockbox parameters are as follows:

• Slow integrator: 100 Hz

• Fast integrator: 10 kHz

• Fast differential: 1 MHz

• Fast Differential gain: 18 dB

• Gain limit: 50 dB

For the second and third experiments, with the cavity under vacuum and temper-
ature control, a new circulator, working at a centre frequency of 1550 nm, is used.
Additionally, the photodiode in reflection is fibre-coupled, which reduces losses in
the optical path. The reflection photodiode for this experiment (PDA10CS2 from
Thorlabs) is different from the one used before (PD100-SWIR1 from Qubig) because
the latter lacked a fibre coupling component. Due to this change in photodiode, the
modulation frequency was reduced to 10 MHz, because of the smaller photodiode
bandwidth of 13 MHz. The local oscillator signal sent into the mixer has a fre-
quency of 10 MHz, an amplitude of 1.4 Vpp and a phase of 180°, while the one sent
to modulate the beam had an amplitude of 20 mVpp. Because of this phase value,
the lockbox signs switches can be used to select the sign of the feedback loop. There
is therefore no need to play with the phase of the local oscillator.
For the lock while the cavity was under vacuum and temperature controlled, the
lockbox parameters have been changed to:

• Slow integrator: 25 Hz

• Fast integrator: 200 kHz

• Fast differential: 1 MHz

• Fast Differential gain: 18 dB

• Gain limit: 60 dB
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4 Results

4.1 Characterisation of the ECDL

The first thing that was measured for the ECDL was its tuning range. The laser
diode datasheet tells us that the maximum tuning range of the diode is from 1510 to
1630 nm. By moving the PZT with the screw attached to it, the maximum tuning
range obtained was of around 70 nm. This was the mechanical tuning but when the
ECDL is used in experimental setups, the laser frequency needs to be tuned more
precisely using a waveform generator. To do so, the PZT voltage of the ECDL was
scanned with a ramp of increasing amplitude, from 4 mVpp to 5.48 Vpp. With this
ramp, the tuning range was of 15 GHz.

The next thing to do was to measure its linewidth. Using the method explained
in Section 3.2, the ECDL light was sent into a beating unit with our reference fre-
quency comb. The linewidth of the comb is of a few tens of kHz. The beat note that
would appear on the spectrum analyser has a certain linewidth which is the sum of
the comb linewidth and the laser linewidth. Considering that the comb linewidth is
much smaller than the ECDL linewidth, the linewidth was measured by acquiring
the spectrum analyser data and fitting it with a Voigt profile. One of the many
linewidth measurement is shown in Figure 4.1. Figure 4.2 displays the measured
linewidth for each data acquisition, with the associated error from the fit. The av-
erage measured linewidth is 69 ± 54 kHz, as is represented with the black dotted
line in this figure.

Something that needed to be considered for the ECDL is its sensitivity to environ-
mental perturbations. The laser we built was, in the beginning, sensitive to acoustic
and mechanical noise. This was observed during the first measurements, when peo-
ple were talking in the room or when the door was opened then closed, which caused
pressure change in the room. These changes in pressure affect the refractive index,
which resulted in the beat note drifting on the spectrum analyser. Likewise, when
the ECDL was used to scan a cavity’s mode, we would see the transmission sig-
nal get more noisy as people talked around. This sensitivity was affecting the first
measurements, broadening the beat note. The first measured linewidth was conse-
quently of more than 300 kHz. To counteract this problem, the ECDL was placed
in a homemade box, made of light-blocking plaques onto which foam was attached.
This box has decreased dramatically the acoustic sensitivity of the ECDL. However,
the laser was also observed to be sensitive to mechanical noise. When something
touched the table or the ECDL in itself, the beat note would drift. This sensitivity
also accounts for mechanical vibrations in the ground caused by the pumps operat-
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Figure 4.1: Example of a Voigt fit, in red, for one beat note measurement of the free
running ECDL. The measured linewidth for this measurement was of 66 ± 2 kHz. The
residuals of this fit are represented in green below.

Figure 4.2: Linewidth measurements for every data acquisition for the free-running
ECDL. The weighted average of these measurements is represented by the black dotted
line, the error on the averaging is represented by the red box, and the standard deviation
of this average is the blue box.
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ing for other setups in the lab. This was resolved by placing the breadboard of the
ECDL on three rubber holder pieces. This mechanical isolation also reduced the
noise in the measurements.

Frequency stability

As explained in Section 2.3.2, the Allan deviation is a tool commonly used to illus-
trate the different noises affecting the system. To compute this deviation, a time
trace of the beating is taken on an oscilloscope, with the highest time window pos-
sible. The instantaneous frequency is then extracted from this signal and is used
to calculate the overlapping Allan variance using Equation 2.17. To obtain a phys-
ically meaningful result, the fractional frequency is used in this calculation. The
fractional frequency is determined using the ECDL initial frequency measured on
the wavemetre, 193.23466 THz. A more detailed explanation of the method used
for Allan deviation calculation is presented in Appendix A.1.
Figure 4.3 shows this Allan deviation in blue. The behaviour of the Allan deviation
curve corresponds to white frequency noise in the ECDL at really short averaging
times. There is a small dip around Ä ≃ 10−7 s, which may indicate a temporary re-
gion of stability. For longer averaging times, the decreasing trend indicates that the
ECDL can reach a better frequency stability. However, this is the longest averaging
time window that can be observed with the available instruments in the lab.

Figure 4.3: Allan deviation of the free-running ECDL. The black dotted line represents
the drift trend.

During the measurement of the beat note, it was observed that its frequency would
drift of 1 MHz in 16 seconds, which corresponds to a drift rate of 62.5 kHz/s. The
black dotted line in Figure 2.16 represents the simulated behaviour of this drift rate,
independently of the measured Allan deviation. The variance of this drift has a
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linear behaviour with the averaging time [46] :

Ãdrift(Ä) =
DÄ√
2f0

, (4.1)

where D is the drift rate, in Hz/s, and f0 is the ECDL frequency used to normalise
the variance. This line was simulated to illustrate the expected drift behaviour at
longer averaging times, which cannot be measured because of the limited maximum
acquisition time of the oscilloscope. The measured Allan deviation curve stops
before 10 ms because of this limited acquisition time. At some time Ä , the system
will reach its best stability point, and will afterwards be affected by Brownian noise,
represented by the simulated drift. Due to limited resources, it was not possible to
actually observe this best stability point.

4.2 Locking to the different cavities

4.2.1 Low finesse cavity

The results presented in this section were taken on the setup described in Section
3.4.

Locking stability

The observed signal in transmission of the cavity, representing the TEM00 of this
cavity, and its associated error signal is represented in Figures 4.4a and 4.4c. The
shape of the cavity mode does not match a Lorentzian lineshape, probably because
of feedback into the ECDL.

Once the laser was locked to the cavity, the signal looked like the one shown in
Figures 4.4b and 4.4d.
The signals in Figures 4.4a and 4.4b were taken on an oscilloscope that did not allow
data acquisition. Therefore, the measurements to compute the stability of the lock
were taken another day on another setup with the same finesse cavity. The stability
of the lock looks different between the two setups because the mode-matching for
the second setup was more difficult to achieve due to the vertical placement of the
cavity. This placement limited the space between the fibre output and the input
mirror of the cavity, therefore limiting the choice of lenses for good mode-matching.

The stability of the lock can therefore be computed from the trace in Figure 4.4d.
To do so, the average standard deviation of the transmission signal is computed for
all easurements. This standard deviation of the transmission signal was calculated
to be 10 mV with an average intensity of 133 mV, as represented by the green line
in Figure 4.4d. However, expressing this deviation in terms of an intensity does not
mean much physically. This intensity variation can be translated to a frequency vari-
ation by a simulation of the cavity mode, with an amplitude of 141 mV, as shown in
Figure 4.5. As can be seen in this figure, the standard deviation in intensity is used
to find the variation in frequency. The translation works as follows: the minimum
standard deviation intersects the cavity mode at two different points, represented
by the blue dots on the figure. The frequency variation associated to the standard
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(a) (b)

(c) (d)

Figure 4.4: Traces of the cavity mode and its error signal and the corresponding locked
signal. The pictures in (a) and (b) were with the lock achieved on the setup in open air.
The plots in (c) and (d) were taken on the fibred stable etalon setup. The error signals in
(a) and (c) have an offset to better distinguish them from the transmission signals. The
green line in (d) represents the average measured intensity of the transmission, 133 mv,
and the green box is the averaged measured standard deviation of this transmission signal
when it was locked, 10 mV.

deviation of the intensity is the the frequency difference between these two points.
This frequency variation is calculated to be of 935 kHz, which corresponds to around
39% of the cavity mode linewidth.

This result seems to be larger than what can be expected from a PDH lock. This
large difference between the literature and the measurements is probably due to
the signal-to-noise ratio (SNR) of the transmission signal. The noise in the locked
transmission signal is probably due to a not sufficient mode-matching between the
beam and the cavity. As explained in Section 3.4, the data taken for this analysis
was taken on the ULE cavity setup. Therefore, because of the vertical configuration
of this cavity, there was a spatial constraint that governed our choice of optical lens
to focus the beam in the cavity. The locked signals in 4.4b seems to have a smaller
standard deviation, a few mV, than the one presented in Figure 4.4d because of
this mode matching. For the first setup completely in open air, there was enough
space on the table to properly adjust the focus of the beam to the cavity input
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mirror, allowing a good mode-matching. Moreover, a part of the optical beam path
was still in open air, which caused losses. Lastly, if the PID parameters are not
rightly chosen, the transmission signal will be affected, and its standard deviation
will increase.

Figure 4.5: Simulation of the TEM00 cavity mode. In blue is the Lorentzian simulation,
its amplitude is the averaged measured amplitude of this mode, 141 mV, and its FWHM
corresponds to the theoretical FWHM of this cavity, 2.4 MHz. The green line represents
the averaged locked intensity and the light green box represents the standard deviation of
the locked transmission signals, averaged over all acquired data. The blue dotes represent
the crossing between this standard deviation and the Lorentzian, allowing to translate a
variation of intensity ∆I into a variation of frequency ∆f .

Linewidth

Once the cavity was locked, measurement of the ECDL linewidth could be made
using the technique described in Section 3.2.

A fibre splitter is placed right after the ECDL output and 10% of the beam is
sent into the beat unit. The photodiode signal is read on the spectrum analyser
and one of the beat note measurement is shown in Figure 4.6, along with its Voigt
fit. The average of these measurements and their residuals is shown in Figure 4.6.
On average, the measured line width was 151 kHz ± 61 kHz, as can be seen in
Figure 4.7. This value is in the same range as the initial measurement of the ECDL
linewidth. This is explained by the fact that the cavity modes are so large compared
to the linewidth of the ECDL, 2.4 MHz compared to ± 100 kHz, that locking to
the cavity only stabilises the beat note frequency drift and does not affect its width.
This FWHM value is small compared to the frequency variation of the lock mea-
sured before because of the SNR as discussed before.
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Figure 4.6: Example of one beat note measurement for the low finesse cavity. This beat
note is fitted with a Voigt profile, in red, to measure its linewidth. The residuals from the
fit are represented in green.

The linewidth can also be computed using the power spectral density of the trans-
mission signal, as explained in Section 2.3.1. Practically, the locked transmission
signal is firstly translated from intensity to frequency using the frequency variation
computed above, 935 kHz. Afterwards, the signal is Fourier transformed, allowing
to have the PSD of the locked ECDL, as shown in Figure 4.8. Then, the area under
the curve for the part of the PSD that is above the ´-separation line is computed, as
represented in black in this figure. Using Equation 2.15, the linewidth is calculated
to be of more than 4 MHz.
The computed linewidth is much larger than the one measured on the spectrum
analyser because the signal used for this method is the transmission signal from the
cavity. Therefore, this signal encompasses the laser noises but also the cavity noises.
It also depends on how well the laser is locked to the cavity, i.e. the frequency stabil-
ity of the lock. For this cavity, the stability of the lock is not that good, more than
30% of the cavity mode width. Another source of uncertainty in this method is the
length of the time trace and its acquisition rate. Because this time trace is Fourier
transformed, if there is not enough points in the time trace then the resolution of
the FFT will be worse. The PSD will then be affected similarly, less points in the
time trace will lead to a loss of resolution in the PSD. All of these influences, and
the fact that the width of the cavity modes is of around 2 MHz, makes us think that
the value obtained with the ´-separation line gives an idea of the upper limit of the
width of the cavity mode and not the actual linewidth of the ECDL.
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Figure 4.7: Measured linewidth per data acquisition for the low-finesse cavity. The
weighted average of these measurements is represented by the black dotted line, the error
on the averaging is represented by the red box, and the standard deviation of this average
is the blue box.

Figure 4.8: Power spectral density of the locked transmission signal for the low-finesse
cavity. The β-separation line is represented in black on this plot.
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4.2.2 High-finesse cavity

The next step was to lock on a high finesse cavity with the setup explained in section
3.5.

Locking stability

The cavity mode and its corresponding error signal can be seen in Figure 4.9a. The
error signal does not have the typical shape of an error signal, as was simulated in
Figure 2.4b, because of the really high-finesse, ≃ 200 000 of the cavity and of the
high modulation frequency, 25 MHz. Also because of the high-finesse of the cavity,
of its length and therefore its decreased mechanical stability, the amplitude of the
cavity mode was always changing. However, once the lock was achieved, the trans-
mitted power into the cavity was quite stable and lasted for a few tens of minutes.

The locking stability of this lock is computed like before. First, the average of the
standard deviation of the transmission signal is computed. This averaged standard
deviation is of 14.2 mV, for an averaged intensity of 817 mV. Then, this intensity
variation can be translated into a frequency variation by simulating a cavity mode,
as shown in Figure 4.10. This simulated cavity mode has an amplitude of 831 mV,
which is the averaged measured amplitude of the transmission, and its FWHM is the
one computed in Section 3.5 : 884 Hz. This technique give us a frequency variation
of 168 Hz, which corresponds to 19 % of the cavity mode linewidth.

(a) (b)

Figure 4.9: Examples of traces of the main cavity mode and the error signal in (a) and
the locked signal in (b). The error signal in (a) has an offset of 0.12 V to better distinguish
it from the transmission signal. The green line in (b) represent the averaged intensity
of the locked signal, averaged over all the measurements, and the light green box is the
standard deviation associated to these measurements.

This experiment showed that it was possible to lock our home-made laser to a fairly
high finesse cavity with a relatively stable lock. This locking stability could be
improved by using a completely fibred beam path instead of using a PBS. This fibre
path would reduce the SNR in the locking signal, reduce the frequency variation of
the lock, and most probably improve its stability.
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Figure 4.10: Simulation of the TEM00 mode of the high-finesse cavity with a Lorentzian
profile. The green line is the average observed intensity of the locked transmission and the
light green box represents the standard deviation of the locked transmission signal, averaged
over all data. The blue dots represent where this deviation meets the Lorentzian, allowing
to translate the variation of intensity ∆I into a variation of frequency ∆f .

Linewidth

Once the cavity was locked, the linewidth of the beat note was measured. The
procedure is the same as before, but this time, 90 % of the ECDL beam is sent to
the beat unit with a fibre splitter, instead of 10%, like before because of the BOA
used in the setup. The BOA amplifies the light enough so we do not need to send
as much light towards the cavity.

The beat note data was taken from the spectrum analyser and Voigt fitted using the
lmfit library. An example of one of the beat note measurement and its corresponding
Voigt fit is shown in Figure 4.11. Figure 4.12 shows all the linewidth measurements
with their associated errors. The averaged measured linewidth is then 30 ± 7 kHz.

When this value is compared to the locking stability of 168 Hz, there seems to be
an incoherence between the two. The value of the linewidth is 3 order of magnitude
higher than the variation in frequency. This can be explained by the frequency comb
linewidth. In the beginning of this work, the linewidth of the frequency comb was
assumed to be much smaller than the linewidth of the ECDL. But when the ECDL
is locked to the high-finesse cavity, its linewidth is squeezed to follow the feedback
loop of the locking process. Therefore, this linewidth becomes much smaller than
the frequency comb linewidth and this measurement is most probably a measure-
ment of the frequency comb linewidth instead of the ECDL’s.

This theory can be confirmed using the ´-line calculations. With the same pro-
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Figure 4.11: Example of one of the beat note measurements for the high-finesse cavity.
For this measurement, the linewidth was computed from the Voigt fit, in red, and was
computed to be of 43 ± 5 kHz. The residuals for the fit is also represented in green. The
resolution on the spectrum analyser for this measurement was too low, which is why there
is not many points defining the peak, leading to less accuracy in the fit.

cedure as before, we can use the power spectral density of the locked transmission
signal to compute the linewidth of the ECDL. This method gives us a linewidth
of 663 Hz, as illustrated by Figure 4.13, which corresponds to the measured fre-
quency variation of the lock. Contrary to the low-finesse cavity measurements, this
PSD calculation actually give us a more accurate upper limit to the real linewidth
of the ECDL. With the beating measurement, we are limited by the comb’s tooth
linewidth. Therefore, if the linewidth of the ECDL is squeezed by the lock to the
high-finesse cavity, making it much smaller than the comb linewidth, the beat note
measurement cannot be trusted. The ´-separation line method is then a great tool
that gives an idea of the upper limit of the linewidth. The ECDL linewidth should
be smaller than 663 Hz because this value is influenced by the cavity noise, the
stability of the lock, the SNR of the transmission signal and the reliability of the
Fourier transform. But because we do not have yet a narrow enough frequency
reference, the PSD is the best tool to have an idea of this linewidth.
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Figure 4.12: Measured linewidths for each data acquisition for the high-finesse cavity.
The weighted average of all the measurements is represented by the black dotted line, the
error on the averaging is represented by the red box, and the standard deviation of this
average is the blue box.

Figure 4.13: Power spectral density of the locked transmission signal for the high-finesse
cavity. The black dotted line represents the β-separation line.
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4.2.3 Mechanically stable cavity

This section presents the results obtained with the experimental setup described in
Section 3.6.

Locking stability

The locking stability achieved for this cavity was done with three different conditions
for the ULE cavity. The ECDL was locked to the ULE cavity when it was at ambi-
ent temperature an atmospheric pressure, then the ULE was temperature stabilised,
and finally it was temperature stabilised and under vacuum. The observed cavity
mode and error signal for the temperature controlled and under vacuum ULE are
shown in Figure 4.14a. The SNR for these signal is better than the previous setup
because of the completely fibred beam path. For this setup, the locking stability is
computed using the locked error signal, as is shown in Figure 4.14c. Because the
error signal for this lock is well defined, it can be used to express the deviation in
intensity into a deviation in frequency. As it was explained in Section 2.2, the error
signal is linear around resonance. It is then possible to compute the slope of this
error signal around resonance, ∆I/∆f , to find the relation between the standard
deviation of the intensity and the variation in frequency. This slope is computed
with a simulated error signal, as is shown in black in Figure 4.14c : ∆I/∆f = 0.2
µV/Hz. Afterwards, the standard deviation of the locked error signal is calculated
to be 3.31 mV, which leads to a frequency variation of 22 kHz or 12% of the cavity
mode width, 175 kHz.

This frequency variation can be compared to the ones obtained with the same cavity
but with different pressure and temperature conditions. For the ULE only temper-
ature controlled, this deviation in frequency is computed to be of 26 kHz, which
corresponds to 15 % of the mode width. For the ULE without any pressure or tem-
perature control, the variation in frequency for the locked signal is computed to be
of 56 kHz, which corresponds to 32% of the mode width.
As expected, with no stabilisation whatsoever of the cavity, the stability of the lock
is a bit worse than with stabilisation because it is subject to random pressure and
temperature fluctuations. The observed stability with temperature control only and
temperature and pressure control are quite similar even if the temperature control
only seems a bit more stable. This small difference is probably due to the pressure
inside the cavity that had not reached its best stability level, whereas the tempera-
ture control has been on for a few days, reaching its stability.

Linewidth

After locking the ECDL to the cavity, the linewidth of the ECDL was measured.
When the cavity was temperature controlled and under vacuum, the beat note looked
like the one showed in Figure 4.15, and the averaged measured linewidth was of 27 ±
6 kHz, with a standard error of the weigthed mean of 0.16 kHz, as shown in Figure
4.16. The same measurements were done for the simple ULE and the temperature
controlled ULE and the measured linewidths were 18 ± 6 kHz, with an error associ-
ated to the weighted average of 11 kHz, and 25 ± 7 kHz respectively, with an error
associated to the weighted average of 0.16 kHz. It has to be noted that the value
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(a) (b)

(c)

Figure 4.14: Traces taken for the ULE under vacuum, p = 2.5 · 10−4 mbar, and tem-
perature controlled, T = 32°C. Cavity mode and its corresponding error signal in (a). The
displayed error signal has been artificially amplified in both amplitude, by a factor 10, and
offset, by 1.3 V, to better distinguish its shape. Both locked signals, transmission and
error signals, are displayed in parallel in (b). A close-up of the error signal is shown in
(c) in orange, with the simulated error signal, in black. The measured signal has been
normalised because the theoretical error signal is unitless. The simulated slope of the error
signal around the resonance is ∆I/∆f = 0.2 µV/Hz.

obtained for the ULE not under vacuum and not temperature controlled is smaller
but with a higher error because of the resolution of the spectrum analyser used for
the data acquisition. The resolution of the analyser was set to 10 kHz, which is
too high for a measuremnt of the same magnitude. The measurements for the ULE
temperature controlled and under vacuum were taken with a lower resolution and a
smaller frequency interval, allowing to have more points defining the beat note, and
therefore allowing a more precise fit.

These values for the linewidth of the ECDL are in the same magnitude, around
30 kHz, which could be once again the linewidth of the frequency comb and not
the actual ECDL linewidth. We can compare these values to the ones obtained
with the power spectral density of the locked transmission signal. The results of
the computations for all three different conditions of the ULE are shown in Figure
4.17. As shown in this figure, the computed FWHM of the ECDL are 261 kHz for
the not stabilised ULE, 102 kHz for the temperature controlled ULE and 125 kHz

33



for the pressure and temperature controlled cavity. These values are one order of
magnitude greater than the ones measured on the spectrum analyser, and in the
same range as the cavity mode width of around 175 kHz.

Both methods give values that are close to the element of reference, the comb tooth
linewidth and the cavity mode width. The ´-separation line technique does not
confirm if the linewidth is smaller than the comb tooth or not. If we look at the
frequency variation of the lock, which was in the order of 30 kHz or more, then it
would make sense that the linewidth would be a bit larger than this value. The
linewidth could be in the 30 kHz to around 150 kHz range, but we do not have the
tools yet to accurately measure it.

Figure 4.15: Example of one beat note measurement for the temperature controlled
and under vacuum, p = 2.5 · 10−14 mbar, ULE cavity. The Voigt fit of this beat note is
represented in red and from it, a FWHM of 23 ± 0.5 kHz was computed. The residuals of
this fit is represented in green.

Frequency stability of the locked ECDL

Similarly to the free-running ECDL, the overlapping Allan deviation has been com-
puted for the locked ECDL to the temperature and pressure controlled ULE cavity.
The technique is the same as explained in Section 4.1, and the corresponding result
is shown in Figure 4.18. This system’s frequency is affected by white frequency noise
at small averaging times. Contrarily to the free-running ECDL, there is no stability
plateau around Ä ≃ 10−7 s, which probably means that locking to the stabilised
ULE cavity is actively suppressing frequency fluctuations at these lower timescales.
The decreasing trend of the locked ECDL deviation shows that locking improves the
frequency stability of the laser. Once again, there is a limitation due to the maxi-
mum acquisition time of the oscilloscope. It is therefore not possible to confirm how
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Figure 4.16: Mesured linewidth for different data acquisition. The weighted average of
these measurements is represented by the black dotted line, the error on the averaging is
represented by the red box, and the standard deviation of this average is the blue box.

Figure 4.17: Power spectral densities of the locked transmission signal for the ULE
cavity. The blue trace is for the transmission signal of the ULE whithout any temperature
control or vacuum, the orange trace is for the ULE temperature controlled and the green
trace is for the ULE temperature controlled, T = 32°C, and under vacuum, p = 2.5 ·
10−4mbar. The black line represents the β-separation line.
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well the feedback loop stabilises the ECDL frequency over longer averaging times.
Using Equation 4.1, it possible to simulate the expected behaviour of the Allan de-
viation at longer averaging time, based on the measured drift rate of 30 kHz/s. The
extrapolated drift line suggests that the system is likely to reach its stability limit
at longer averaging time, beyond which it will be mostly influenced by Brownian
noise.

Figure 4.18: Allan deviation of the locked ECDL to the temperature controlled and
under vacuum ULE cavity, in orange, compared to the deviation of the free running ECDL,
in blue. For these measurements, the ULE cavity was at a temperature of 32.4°C and a
pressure of 1.8·10−4 mbar. The drifts of the free-running and locked ECDL are represented
by the black dotted line and the red dotted line respectively.

Drift of the beat note

As explained before for the free-running ECDL, it was observed that the beat note
was drifting over time. Once the ECDL was locked to the cavity, this drift has been
observed to be reduced. Figure 4.20 shows the evolution of the beat note frequency
when the ECDL was locked to the ULE cavity which was at room temperature and
not pumped. Over the course of 2 hours, the beat note has drifted of around 15 MHz,
which corresponds to a drift rate of 2 kHz/s. This drift is caused by the constant
change in pressure and temperature of the cavity’s environment. The influence of
the pressure on the frequency drift can be observed with the measurements shown in
Figure 4.20. For this measurement, the cavity was pumped down to around 7 · 10−2

mbar then the pumps were switched off and the measurements were acquired after
this switching off. There are two traces on this figure because the cavity unlocked
at some point so it was re-pumped to the same level. For a total pressure variation
of ∆p = 2.8 · 10−1 mbar, the frequency has drifted of around ∆f = 130 MHz. This
gives a drift rate associated to the pressure of 1 Hz per 2.2 · 10−9 mbar.

Then, the ULE cavity was moved to another room, and temperature stabilised to
32°C. The observed drift rate when the ECDL was locked to the cavity was of around
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Figure 4.19: Evolution of the beat note frequency when the ULE cavity not temperature
stabilised nor pressure controlled.

33 kHz/s. Afterwards, the cavity was put under vacuum and measurements of the
beat note frequency were made during the pumping, as shown in Figure 4.21. these
measurements showed that for a variation of pressure of ∆p = 2.4 · 10−3 mbar, the
frequency had drifted of ∆f = 19 MHz, which corresponds to a drift of 1 Hz per
1.3 · 10−10 mbar.

This drift is associated to the change in pressure which will affect the refractive
index inside the cavity. If we consider that the refractive index of air at 1 bar is
n = 1.00027 [47], the variation of frequency due to a variation of pressure can be
computed using the free spectral range formula :

f =
c

2nL
=⇒ n =

c

2Lf
(4.2)

where c is the speed of light, and L is the length of the cavity. A small variation of
the refractive index ∆n will therefore cause a small variation of the frequency ∆f :

∆n

∆f
= − c

2Lf 2
= −n

f
=⇒ ∆n

n
≃ ∆f

f
. (4.3)

Then, because the refractive index of air is considered to be 1 at 0 bar, the variation
of the refractive index due to the variation of pressure at 1.5 µm is: ∆n = 2.7 · 10−4

for a variation of pressure ∆p = 1 bar. For the ECDL, which has a frequency of
roughly 200 THz, the variation of frequency is of ∆n·f = 5.4·1010 Hz, for a variation
of pressure of 1 bar. This rough calculation gives then a rate of 1 Hz per 2 · 10−8

mbar.
This value is different than the one measured, and expressed before, probably be-
cause both pressure gauges for both measurements do not measure the actual pres-
sure inside of the ULE cavity due to their placement. But, their measurements give
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an idea of how the pressure evolved in the cavity. To avoid a drift due to pressure
change, the ULE should then be brought to a pressure below 10−8 mbar.

The same reasoning can be done to associate a drift to a temperature variation
affecting the ULE glass. Knowing that the thermal expansion coefficient of this
material is ³ULE = 30 · 10−9/K between 5°C (278.15 K) and 35°C (308.15 K), the
variation in length due to a variation of temperature, assuming that it is indeed
linear, is expressed as [48]:

∆L = ³L0∆T. (4.4)

Taking Equation 4.2, we can express :

∆f

∆L
= − c

2L2n
=⇒ ∆f

f
≃ ∆L

L
= ³∆T. (4.5)

Once again, using the ECDL’s frequency f = 200 · 1012 Hz, the frequency drift asso-
ciated to a temperature variation of the cavity is ∆f/∆T = 6 MHz/K, or similarly,
1 Hz per 167 nK. This thermal drift dominates if the cavity is pumped but if there
is still air in the cavity, the temperature variation will affect mostly the refractive
index in this cavity.

Considering that the refractive index of air at 15°C (288.15 K) is nair = 1.000272935,
and at 30°C (303.15 K) is nair = 1.000258934 [49], this gives a variation of the re-
fractive index of ∆n = 1.4 · 10−5 for a temperature variation of ∆T = 15 K. We
can then find that for a temperature variation of 1°C, the variation of refractive
index is of ∆n = 9.3 · 10−7. Using Equation 4.3 and the laser initial frequency,
200 THz, the frequency variation due the temperature variation inside the cavity is:
∆f/∆T = 187 MHz/K, or similarly 1 Hz per 5 nK.

These calculations show that without pressure control of the cavity, the frequency
drift associated to the change of refractive index casued by temperature variationsis
larger than the drift associated to the thermal expansion of the cavity. For now, the
temperature controller used in this experiment is not precise enough to temperature
stabilise the cavity at this level.
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Figure 4.20: Evolution of the beat note frequency after pumping the ULE cavity down
to 7 · 10−2 mbar. This plot shows the drift of the beat note right after the pumps were
turned off. These measurements were taken over the course of around 2 hours. The
pressure reading is not directly taken on the ULE vacuum cavity so the actual pressure
of the ULE is probably higher than these values. The frequency values stay between 0
and 100 MHz because the repetition frequency of the frequency comb is of 200 MHz. The
ECDL is beating with one tooth of the comb, and then because of such high drift, it will
beat with the next tooth. This explains the behaviour of the beat note frequency around
0 and 100 MHz.

Figure 4.21: Evolution of the beat note frequency when the temperature controlled
ULE cavity is continuously pumped. We see the same behaviour around 100 MHz as in
Figure 4.20 for the same reasons.
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5 Conclusion and perspectives

During this master’s thesis, the assembly, characterisation and frequency stabilisa-
tion of a 1550 nm ECDL has been successfully achieved. This ECDL has been used
in various optical cavity locking configurations, and successfully locked to cavities
of varying finesse. Locking the ECDL to these cavities has improved its frequency
stability by reducing the drift observed in the free-running laser. For the high-
finesse cavity, a significant narrowing of the ECDL linewidth was observed, from
approximately 100 kHz down to probably less than 1 kHz. This demonstrates that
home-built ECDLs can be locked to very high-finesse optical cavities, reducing their
linewidth considerably. Additionally, this work shows that the ECDL can stay locked
for a few hours to a cavity made of Ultra Low Expansion (ULE) glass.

As it was explained in this work, the ECDL is currently in a box and on rub-
ber holder to isolate it from its environment. This isolation can be improved by
suspending the ECDL either with springs or with a pendulum-like type of mecha-
nism, as the ECDL still unlocks when the table is touched. To stabilise the ECDL
even more, a temperature control system can be placed inside the isolation box, as
well as a pressure controller. The ECDL is sensitive to pressure change in the room;
when the door is opened, the beat note drifts and if the laser is locked, it unlocks
duethe resulting pressure variation. Pressure controlling the isolation box would
suppress these effects and the ECDL could stayed locked for an even longer time.

To further develop a stable oscillator, the ULE cavity setup can be additionally
optimised. Firstly, the finesse of this cavity can be increased, as it has been shown
that locking to really high-finesse cavities is possible. To increase the cavity’s finesse,
its mirrors need to be changed. We are now looking into mirrors with a higher re-
flection coefficient and optimised radius of curvature to improve mode-matching
between the beam and the cavity.
Something that has not really been explored in this thesis, but is quite interesting
to look at, is the vacuum cavity setup. Currently, beam injection into the cavity is
difficult because of the alignment screws of the fibre coupler holder, which are not
precise enough. Furthermore, the distance between the output of the fibre and the
input mirror of the cavity is fixed so it is restraining a lot the choices of lenses that
can be used for a good mode-matching.
Something else concerning this cavity is the pump that has been used. This pump
limits the level of vacuum that can be reached, so we are looking into another type of
pump that could allow to go at least to 10−8 mbar, which would potentially reduce
or eliminate the pressure associated drift of the beatnote. The drift rate can also be
reduced with the temperature stabilisation of the ULE cavity. We can look more into
the zero-crossing of the ULE, the temperature at which its thermal expansion coef-
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ficient is 0, and develop a system allowing to stabilise the cavity at this temperature.

Moreover, the measurement of the linewidth of the ECDL can be improved by
using a self-heterodyning technique, for example. This technique, developed by
Okoshi [50], consists of splitting the laser beam and combining the two parts of the
beam, with one having travelled through a very long fibre and being time delayed.
The beatnote used in this method represents the beating of the laser with itself,
allowing to measure accurately its linewidth because the beat note width would be
exactly twice the laser’s width. With this technique, there is no limitation due to
the reference’s linewidth because the reference is the laser in itself.
Another technique would be to beat the ECDL’s with a laser that we know precisely
the linewidth of, preferably in the kHz range.
The ´-separation line method can be improved by introducing an intensity stabil-
isation loop in the setup, to remove unwanted noise from the transmission signal.
This would therefore improve the precision of the linewidth values calculated with
this method.

We are also limited by the available time window of our oscilloscope for the Al-
lan deviation measurements. Because of this limitation, we cannot have a good idea
of the stability of our oscillator over a long time period, which is crucial in optical
clock development. The data acquisition of the time trace could be automated,
allowing to have multiple traces of the same duration. These traces could then be
piled up to make a longer time trace, which would allow to measure the stability of
the oscillator for a longer time period.

All of these improvements could lead to the assembling of a precise and stable
frequency reference here at UCLouvain.
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A Appendix

A.1 Allan deviation validation

Calculating the Allan deviation can be quite challenging. For this work, the al-
lantools library in Python was used, specifically the oadev function. This function
takes as input either the phase or the frequency of the measured signal. In this work,
the phase and frequency were computed by performing a Hilbert transform on the
signal, calculating the instantaneous phase, and then differentiating this phase to
obtain the instantaneous frequency.
The instantaneous frequency is then normalised by the ECDL frequency to obtain
a unitless value, as the oadev function requires either phase or fractional frequency
as input [51].

The Allan deviation plot obtained with this library was compared to a plot de-
rived with the analytic function expressed in Equation 2.17. Both plots were found
to be identical, confirming the accuracy of the allantools library.

Afterwards, these plots were compared with a simulated signal to verify if the ob-
tained results were reliable. In this simulation, a signal was created with a carrier
frequency of 40 MHz and a relative frequency variation of 3 · 10−7. These values
were chosen to replicate the measured beat frequency and to match the first point
on the previously calculated Allan deviation plots. Fluctuations in the signal were
then introduced to simulate white frequency noise. Finally, the noisy signal was nor-
malised by the carrier frequency, and its Allan deviation was calculated. The result
of this simulated signal is shown in Figure A.1. As can be seen on this figure, the
measured Allan deviation closely matches the simulated one, which helps validating
the accuracy of our method.
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Figure A.1: Overlapping Allan deviation of the free-running ECDL in blue, the locked
ECDL to the ULE cavity in orange and a simulated time signal affected by only white
frequency noise in black.
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